Transcriptional pausing by RNA polymerase is an underlying event in the regulation of transcript elongation, yet the physical changes in the transcribing complex that create the initially paused conformation remain poorly understood. We report that this nonbacktracked elemental pause results from an active-site rearrangement whose signature includes a triggerloop conformation positioned near the RNA 3 0 nucleotide and a conformation of bDloopII that allows fraying of the RNA 3 0 nucleotide away from the DNA template. During nucleotide addition, trigger-loop movements or folding appears to assist NTP-stimulated translocation and to be crucial for catalysis. At a pause, the trigger loop directly contributes to the paused conformation, apparently by restriction of its movement or folding, whereas a previously postulated unfolding of the bridge helix does not. This trigger-loop-centric model can explain many properties of transcriptional pausing.
INTRODUCTION
Transcriptional pausing mediates regulation of RNA chain elongation by multisubunit RNA polymerases (RNAPs). For example, strong pauses facilitate properly timed loading of elongation regulators for attenuation control (Yakhnin et al. [2006] and citations therein). Pausing also can synchronize transcription and translation in bacteria, aid proper RNA folding, influence splice-site selection in eukaryotes, provide a target for elongation regulators (e.g., NusA or NusG in bacteria and DSIF or TFIIF in eukaryotes), and precede intrinsic and regulator (e.g., Rho)-dependent termination (Landick, 2006) .
Transcriptional pauses are caused by sequencedependent signals that switch a fraction of elongating complexes (ECs) into an offline (or paused) conformation. This kinetic branching between rapid elongation and the paused complex is a general characteristic of pausing, and pauses that affect a minority of ECs can exert significant aggregate effects (Neuman et al., 2003) . Paused transcription complexes (PTCs) must form from one or more intermediates in the nucleotide addition cycle (NAC; Figure 1A ). The NAC consists of (1) translocation of the RNA 3 0 nt from the substrate (A or i + 1) site to the product (P or i) site; (2) NTP binding, which may be coupled to translocation via initial NTP binding in an entry (or E) site (NTP-assisted translocation); (3) 2 Mg 2+ -mediated catalysis of phosphodiester bond formation; and (4) PPi release (Steitz, 1998; Sosunov et al., 2003; Landick, 2004; Westover et al., 2004; Temiakov et al., 2005; Wang et al., 2006) . Once formed, a PTC may rearrange further into a long-lived (or stabilized) PTC. Different ways to stabilize the PTC define different pause classes, including nascent RNA hairpin-stabilized pauses, backtrack-stabilized pauses, and extrinsic regulator-stabilized pauses (Artsimovitch and Landick, 2000) . In general, it is uncertain which NAC intermediate gives rise to PTCs, whether some steps in the NAC occur within a PTC (e.g., translocation), and at which step a PTC reverts to the EC conformation. It is likely that PTCs form from pretranslocated ECs, which are logical precursors to backtracking, and that alternative EC conformations do not persist for multiple NACs (von Hippel and Pasman, 2002) , which implies that PTCs return to the main pathway prior to or upon bond formation.
To gain insight into the mechanism of pausing, we have studied a hairpin-stabilized PTC that synchronizes attenuation in the E. coli his leader region. This his leader pause signal is multipartite. Sequences in the downstream DNA (+2 to $+15), in the active site, and in the RNA:DNA hybrid cause PTC formation; these components plus the his pause hairpin (which forms within the RNA exit channel of RNAP) and a 2 to 3 nt spacer between the hairpin and hybrid additively slow the rate of pause escape ( Figure 1A ) (Chan et al., 1997; Herbert et al., 2006) . his leader PTCs appear to be pretranslocated even when the effect of the pause hairpin is eliminated by alterations (Toulokhonov and Landick, 2003) . This suggests the hairpin stabilizes an initially formed pause that is pretranslocated (nonbacktracked), which we call the elemental pause. Existence of a nonbacktracked elemental pause conformation also can explain frequent, short-lived pauses observed during single-molecule transcription assays that are unperturbed by applied forces that would significantly affect pauses backtracked by even 1 bp (Neuman et al., 2003) . Thus, an attractive view is that most if not all long-lived PTCs arise from an initially formed, elemental pause (or unactivated intermediate; Erie [2002] , Erie et al. [1993] , Landick [2006] ).
The nature of the active-site rearrangement that inhibits the NAC in the elemental PTC is unknown. Pyrophosphorolysis and transcript cleavage also are inhibited in the his PTC, although a pretranslocated EC would favor both activities; the effect of the pause hairpin suggests the rearrangement may be allosterically coupled to movements of the clamp or flap domain (Toulokhonov and Landick, 2003) . A recent ''two-pawl ratchet'' model postulates that unfolding (''bending'') of the bridge helix (BH, Figure 1B ) into the A site inhibits substrate loading or translocation due to fraying of the template DNA base out of the nascent base pair in the RNA:DNA hybrid (Bar-Nahum et al., 2005) . This model posits a secondary role for the trigger loop (TL; Figure 1B ) in supporting BH unfolding and suggests that changes in translocation register coupled to BH unfolding control transcript elongation.
Here we report experiments using site-specific RNAprotein crosslinking, chemical and enzymatic probing, and targeted alterations of RNAP to gain insight into the structure of the elemental pause on the assumption that it resembles the hairpin-stabilized his PTC. Our results suggest that RNA 3 0 nt fraying and inhibition of TL function are characteristics of the elemental pause and that TL folding rather than BH unfolding is the primary mediator of nucleotide addition. (Sosunov et al., 2003) . NTP binding or movement toward the A site may weaken 3 0 nt contacts and promote translocation to the product site (P) (Temiakov et al., 2005) . Alternatively, (possibly slower) translocation may precede NTP binding. A rate-limiting conformational change is thought to close the active site and align the RNA 3 0 OH, NTP, and Mg 2+ ions for catalysis. Active-site reopening then allows PPi release. Pausing occurs when an active-site rearrangement temporarily inhibits the NAC, creating the elemental paused conformation (whether translocation is possible in elemental PTC is unresolved). At the his pause site, the short-lived elemental pause is stabilized by interactions of the pause RNA hairpin with the flap and clamp domains, spacer nucleotides, the RNA:DNA hybrid in the main channel, and the downstream DNA duplex (depicted in PTC cartoon; blue, RNAP; red, RNA; black, DNA).
(B) A structural model of the pretranslocated EC (see the Supplemental Experimental Procedures). The BH (cyan) and TL (orange) are capable of movement (arrows) based on different conformations observed in different crystal structures. The sequence insertion SI3 is specific to a lineage of g-proteobacteria, connects to the TL by a flexible linker, and forms two domains whose orientation on RNAP is not known (Chlenov et al., 2005) . bDloopII (semitransparent dark green) is shown with enlarged black Ca spheres corresponding to the 5101 substitutions P560 and T563 (partially obscured). BH and TL were modeled as in Protein Data Bank (PDB) IDs 1I6H and 1ZYR, respectively (Gnatt et al., 2001; Tuske et al., 2005) . (C) a-helical hairpin conformation of the TL observed in crystal structures with NTP bound in the A site (Vassylyev et al., 2007b; Wang et al., 2006) . bDloopII is omitted for clarity. BH and TL modeled as in PDB ID 2E2H.
RESULTS
A Pause-Suppressing bDloopII Mutant Affected the Pause RNA 3 0 nt without Altering RNA Translocation Register To gain insight into the orientation of the RNA 3 0 nt in the his PTC and thus in the elemental pause, we examined a pause-suppressing mutant RNAP. Earlier studies identified a double substitution, P560S T563I in a conserved loop of the b subunit of E. coli (Ec) RNAP called bDloopII, that strongly suppresses the his pause (Artsimovitch and Landick, 2000; Landick et al., 1990) . bDloopII, which corresponds to 558-575 in Ecb (438-455 in T. thermophilus [Tt] b and 522-539 in S. cerevisiae [Sc] RPB2), is positioned directly above the nucleotides in the active site (Korzheva et al., 2000) ( Figure 1B ). Other substitutions in or near bDloopII strongly affect pausing (Ederth et al., 2006) . Neither P560 nor T563 is within 10 Å of the active-site nucleotides; thus, these substitutions (called 5101, after their allele number) are likely to affect pausing indirectly by altering the conformation of RNAP.
In a standard pause assay, 5101 RNAP does not pause detectably at the his pause site (Figure 2A ). Failure to pause results from slow isomerization to the elemental pause, as evidenced by formation of PTCs when 5101 RNAP was transiently halted at the pause site by withholding GTP for a variable delay time (5 or 60 s in Figure 2B ). During the delay, an increasing fraction of 5101 RNAP became paused, after which it escaped at a rate similar to wild-type PTCs; this fraction reached a maximum of $0.25 within 30 s (Figures 2A and 2B ; data not shown). These results are consistent with a R100-fold inhibition of the rate of formation of PTCs by 5101 RNAP (see the Supplemental Results and Figure S9 in the Supplemental Data available with this article online).
To examine effects of the 5101 and other substitutions, we formed his PTCs using two different methods: stepwise transcription and EC reconstitution (Supplemental Experimental Procedures). We used reconstitution scaffolds that recapitulate the properties of the his PTC (Kyzer et al., 2007) (Figure S1 ). To examine the position of the pause 3 0 nt (U at the his pause), we incorporated the UVactivatable nucleotide analog 4-thioUMP (thioU) in place of the 3 0 U. Both methods of forming his PTCs yielded 3 0 -thioU-containing complexes with efficiency and duration of pausing similar to but slightly greater than 3 0 -Ucontaining his PTCs (shown for reconstituted ECs, Figure 2C ). Neither 3 0 thioU nor the 5101 substitutions altered the RNA register of the his PTC, as assayed by cleavage of the 3 0 -most RNA phosphodiester bond by $OH generated from Fe 2+ substituted for Mg 2+ I
( Figure 2D ; Experimental Procedures) (Toulokhonov and Landick, 2003) . Thus, both halted and reconstituted 3 0 -thioU-containing his PTCs are appropriate models for study of the his PTC.
Although wild-type and 5101 RNAP were indistinguishable in RNA translocation register, UV irradiation ($365 nm) of the 3 0 -thioU-substituted his PTCs revealed an obvious difference in 3 0 nt location. The ratio of crosslinking shifted from predominantly to b 0 in wild-type to close to an equal distribution between b 0 and b in 5101 RNAP ( Figure 2E ; Experimental Procedures). Therefore, the 5101 substitutions inhibit formation of the paused conformation by affecting 3 0 nt interactions without altering RNA translocation register.
The his Pause RNA 3 0 nt Crosslinked to the TL, the E Site, and bDloopII To identify the sites of pause 3 0 nt crosslinking in b 0 and b, we used partial CNBr digestion to map crosslinks to between Met residues that generate the shortest 32 P-labeled cleavage product and the next shorter unlabeled product (Experimental Procedures). For both wild-type and 5101 ECs, the principal b 0 position of 3 0 nt crosslinking mapped to between M932 and M1025 ( Figure 3A ; Supplemental Experimental Procedures and Figures S2-S4 ). To narrow the crosslink location, we used a Cys-specific cleavage reagent, NTCB, and mutant RNAPs in which b 0 A940 or b 0 I937 was replaced with Cys. Single-hit NTCB digestion mapped the pause-3 0 nt crosslink N-terminal of both C937 and C940 in b 0 ( Figure S2 ). Because CNBr cleaves the peptide backbone C-terminal of Met yet the C-terminal product of M932 cleavage still bore the crosslinked RNA, the major position of pause-3 0 nt crosslinking mapped to R933-H936 ( Figure 3A ). This corresponds to the portion of the folded TL that interacts with NTP bound in the A site ( Figure 3A ) (Vassylyev et al., 2007b; Wang et al., 2006) , but that is far from the active site when the TL is unfolded (e.g., see Figure 5D ). Although we cannot conclusively exclude the possibility that this crosslink arose from a tiny fraction of backtracked RNA, the vast majority of the his PTC is pretranslocated ( Figure 2D ), a folded TL conformation readily explains the crosslink without invoking backtracking ( Figure 3C ), and the mechanistic contribution of a minor backtracked species would be unimportant (see the Supplemental Discussion).
To gain greater insight into the pause-3 0 nt location, we mapped the crosslink positions in the b subunit. For wildtype RNAP, the major b crosslink occurred between M1085 and M1107, with a lesser fraction to between M1232 and M1243 (purple and gray segments, Figure 3B and Figure S3 ). The stronger b1085-1107 crosslink target is exposed in the main channel of RNAP only at its most C-terminal residues, allowing us to assign this crosslink to either S1105 or R1106, the two b side chains exposed in the RNAP E site. The pretranslocated RNA 3 0 U in the A site would be unable to reach this location, but fraying the 3 0 -terminal U could easily allow it to contact the E site without backtracking ( Figures 3C and 3D ). This same location was reported for 3 0 -thioU crosslinking in a halted EC prior to backtracking (Markovtsov et al., 1996) (see the Discussion).
3 0 thioU also crosslinked to the TL in 5101 RNAP (data not shown) but yielded a different b subunit crosslink location ( Figure 3B ). In this case, partial CNBr mapping gave a location between M515 and M653; the target was narrowed further to between C559 and C636 using NTCB cleavage ( Figure S4 ). This segment of b also is exposed in the RNAP main channel for only a few residues (E565-N568), allowing us to assign the crosslink to the tip of bDloopII, which lies only $5 Å from a pretranslocated 3 0 RNA base. This suggests that, in the pause-resistant 5101 RNAP, 3 0 U is preferentially retained in the active site stacked on the end of the RNA:DNA hybrid, whereas P-end-labeled CNBr fragments generated under the same conditions; Experimental Procedures) represented as bars above the cleavage sites. Fragments lacking numbers were not resolved on the denaturing polyacrylamide gel used for mapping ( Figures S2-S4 ). The crosslink location is indicated by the magenta sequence below the subunit map. (B) 3 0 nt crosslinks to b. The relative level of 32 P from the 3 0 nt crosslink in N-terminal (5101 RNAP) and C-terminal (wild-type RNAP) CNBr fragments is depicted as described for (A). The minor b1232-1243 crosslink (gray) would place the RNA 3 0 nt near the RNA exit channel and probably resulted from nonspecific crosslinking of a highly reactive region of RNAP. Inexplicable crosslinking in or near this region also occurred in experiments designed to map downstream DNA contacts, even though it is more than 40 Å from the downstream DNA (Nudler et al., 1996) . (C) View of the active site with folded TL illustrating the sites of crosslinking to the TL and E site in magenta and the location of a paired or frayed 3 0 nt.
RNA, red. DNA, black. Mg 2+ I, yellow. Starburst marks the location of the photoreactive 4-thio moiety. bDloopII is omitted for clarity. RNA and DNA modeled as in ScRNAPII EC (PDB ID 1I6H) (Gnatt et al., 2001) . BH and TL are modeled as in ScRNAPII EC with bound NTP (PDB ID 2E2H) (Wang et al., 2006) . (D) Same configuration as in (C), with view rotated to highlight the location of the paired 3 0 nt relative to bDloopII (green) and deduced crosslink target in magenta. The BH (cyan) and TL (orange) are rendered semitransparent.
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Role of RNA Polymerase Trigger Loop in Pausing in the pause-susceptible wild-type RNAP the 3 0 U frays out of the nascent hybrid base pair and into the E site, where it is near R933-H936 in the TL as well as S1105-R1106 in the E site ( Figures 3C and 3D ).
Pause-Altering RNAP Mutants Differed in 3
0 nt Fraying and in NTP Effects on Translocation, but Not in DNA Translocation Register To confirm that the difference in 3 0 nt contacts in pauseresistant and pause-susceptible RNAPs resulted principally from different 3 0 nt orientations (e.g., fraying) rather than changes in translocation register, we measured the ratio of 3 0 -thioU crosslinking to trypsin fragments containing bDloopII and b-E site residues and assessed DNA translocation register using a well-established exonuclease III (ExoIII) digestion assay (Landick and Yanofsky, 1987; Nudler et al., 1994; Wang et al., 1995) . Trypsin cleaves b in RNAP into a larger, N-proximal fragment that contains bDloopII and a smaller, C-proximal fragment that contains the E site residues S1105 and R1106. Only 20% of the wild-type-RNAP crosslink went to bDloopII, whereas $70% went to bDloopII in 5101 RNAP ( Figure 4A ). To test whether this reflected a fundamental difference in active versus paused ECs (rather than simply a 5101-induced change in bDloopII), we examined another pausereducing mutant RNAP (b 0 G1136S, three times weaker pausing; Bar-Nahum et al. [2005] ). b 0 G1136 is located in the TL more than 20 Å from bDloopII, frayed 3 0 U, or paired 3 0 U in all known conformations of the TL. About 50% of 3 0 thioU crosslinking in b 0 G1136S RNAP went to bDloopII ( Figure 4A ), confirming the association of the bDloopII crosslink with weaker pausing. For 5101 RNAP, 70% crosslinking to bDloopII suggests that essentially all nonpaused 3 0 nt is near bDloopII rather than frayed into the E site, since $75% of the 5101 complexes are not paused ( Figure 2B ).
These pause-dependent changes in 3 0 nt contacts are unlikely to result from altered translocation register because no change in RNA register was detected ( Figure 2D ). However, Bar-Nahum et al. (2005) reported altered DNA and of trypsin cleavage. The bar graph shows the relative levels of bDloopII and E site crosslinks. , $0.02 s À1 , and <0.1 hr À1 at 20 mM GTP for 5101, b 0 G1136S, wild-type, and DTL RNAPs, respectively) or on scaffolds lacking the pause hairpin that exhibits a R10-fold increase in pause escape rate (Àhp, Figure 4B ) (Kyzer et al., 2007) .
A comparison of ExoIII footprints on scaffolds that forced the RNA into frayed or backtracked conformations verified the absolute translocation register of the his PTC and the existence of 3 0 nt fraying. The wild-type his pause scaffold gave upstream and downstream boundaries of À15 and +17-18 (À1 is DNA position paired to RNA 3 0 U; Figure 4B ). These are the same upstream and downstream boundaries reported previously for pretranslocated ECs (Nudler et al., 1994; Tuske et al., 2005; Wang et al., 1995) ; the downstream ExoIII barrier varies from +17 to +18 in different experiments; see Figure S5 ). These same boundaries also were detected when two noncomplementary 3 0 Us were added to the Àhp RNA to lock the EC register (Àhp+2U; Figure 4B ). Intrinsic transcript cleavage of the Àhp+2U RNA between C-4 and U-3 ( Figure S5E ) confirmed the assigned EC register (further confirming that the his PTC is pretranslocated). Strikingly, a his PTC with a mismatched 3 0 U (template strand A change to T; +hp mm, Figure 4B ) must accommodate 3 0 nt fraying because it did not backtrack; instead, the upstream boundary shifted slightly forward, which could reflect movement of the adjacent clamp domain (see the Discussion). In contrast, when the hairpin was absent, a mismatched 3 0 U or addition of 3 0 Us led to backtracking by $1 bp (Àhp mm and mm+2U, Figure 4B ). Thus, a pause-hairpin-containing PTC remains pretranslocated even with a mismatched 3 0 -terminal nucleotide, verifying that a paused 3 0 -terminal U can fray out of the nascent base pair in the hybrid without a change in translocation register.
Finally, we tested the ability of NTP binding to shift PTCs to the posttranslocated register using nonreactive 3 0 -aminoA to prevent nucleotide addition (Tuske et al. [2005] ; with T as the À1 template base). Consistent with previous reports (Bar-Nahum et al., 2005; Tuske et al., 2005) , a complementary NTP (GTP) shifted the PTC downstream, whereas a noncomplementary NTP (UTP) did not (+hp A NH2 ± GTP or UTP; Figure 4B ). When we varied the GTP concentration, 5101 RNAP gave the strongest GTPdependent shift in translocation register, whereas wildtype RNAP shifted only at the highest GTP concentration (5 mM; Figure 4C ). Deletion of the pause hairpin increased the shift, whereas DTL RNAP gave little or no shift in translocation register even at high GTP. These results support two conclusions. First, pausing interferes with NTP-assisted translocation, as indicated by the effect of the hairpin and of the 5101 substitutions. Second, NTPassisted translocation of the his PTC requires the TL (see the Supplemental Discussion).
TL Residues Play a Central Role in Transcriptional Pausing
To gain greater insight into the role of the TL in pausing, we tested the effect of several TL variants. Possible involvement of the TL in regulation of transcript elongation was originally suggested by the isolation of a cluster of pauseand termination-altering substitutions (R933C, T934M, and H936Y; Weilbaecher et al. [1994] ) coincident with a site of crosslinking in ECs containing 3 0 8-azidoadenosine (Borukhov et al., 1991) . More recent work yielded additional substitutions that increase (T934A and I1134V) or decrease (G1136S) pausing, additional examples of crosslinking of 3 0 nt analogs to the TL, and a proposal that TL movements support alternation of the BH between folded (fully helical) and unfolded conformations that mediate translocation (Bar-Nahum et al., 2005; Epshtein et al., 2002) . Deletion of the TL in T. aquaticus RNAP is reported to increase K NTP $5-fold but decrease V max by a factor of >10 4 at a nonpause site (Temiakov et al., 2005) . We found that the strongest effects of single TL substitutions occurred with alanine substitutions of T928, M932, and T934 ( Figure 5A ), all of which are involved in the network of contacts that stabilize the folded, a-helical hairpin conformation of the TL (Wang et al., 2006; Vassylyev et al., 2007b) . Other substitutions within the pause 3 0 nt crosslink target had lesser effects, but all slowed pause escape by a factor of at least two, as did several other substitutions tested. In contrast, G1136S or DSI3 increased pause escape rate 3-fold ( Figure 5 ) (Artsimovitch et al., 2003; Bar-Nahum et al., 2005) . These results are consistent with a role of the TL in pausing but do not identify which step in the NAC is affected.
To test the proposals that the elemental pause results from BH-mediated fraying of the DNA template and that the TL effects reflect a secondary role in BH alternation between straight-helix and unfolded conformations (BarNahum et al., 2005) , we tested several additional alterations. A791 in the BH is at the center of the observed unfolding of the BH in free RNAP structures (Zhang et al., 1999; Vassylyev et al., 2002) (Figure 5B ). Replacement of A791 with glycine should destabilize the helical bridge conformation by $2 kcal/mol and favor the unfolded conformation $20-fold (based on folding of isolated peptides; Chakrabartty et al. [1994] ). However, A791G had almost no effect on pause escape (1.3 times slower; Figure 5 ), contradicting the proposal that BH unfolding causes the his pause. Additionally, we found that replacement of the segment of the BH proposed to undergo unfolding (K789-S793) with three glycine residues slowed pause escape by a factor of 90, whereas the TL deletion slowed it by a factor of 460 ( Figures 5A-5D ). The BH disruption had only an $4-fold effect on pause escape in the presence of the TL deletion (increased from 460 3 WT to 2010 3 WT; Figure 5A ); thus, its major effect is likely to destabilize TL folding. We confirmed that the DTL effect resulted from the absence of a folded, rather than unfolded, TL by showing that LT930,1/PP and GG938,9/AA substitutions, which will interfere with TL folding without affecting TL contacts, also affected pause escape dramatically (Figures 5A and 5D ; see also Vassylyev et al. [2007b] ).
These results are inconsistent with a primary role of BH unfolding in pausing. Instead, small movements of a continuous BH ($2 Å ; Figure 5C ) (Bushnell et al., 2002; Kettenberger et al., 2003; Temiakov et al., 2005; Vassylyev et al., 2007b; Wang et al., 2006) may function primarily to facilitate TL folding and assist NTP alignment for catalysis.
Kinetic Analysis of the his Pause and Role of the TL We next examined the role of the TL in pausing more carefully using reconstituted ECs halted 1 nt prior to the pause site (C28; Figures 6A-6C ) (Kyzer et al., 2007) . Even at 1 mM NTP, DTL RNAP required minutes to extend C28 to the pause site (U29; Figure 6C ), whereas wild-type RNAP took milliseconds ( Figure 6B ). Strikingly, DTL RNAP did not exhibit the $100-fold rate difference of wild-type RNAP between C28/U29 (arrival at the pause, k a obs ) and U29/G30 (pause escape, k e obs ; Figure 6D ). Most DTL RNAP failed to enter a paused conformation, adding G30 faster than U29 and the paused fraction ($0.3) was only approximately three times slower ( Figures  6B-6D) . Thus, deletion of the TL both slowed nucleotide addition dramatically and largely eliminated the distinction between paused and nonpaused ECs. To characterize the apparent pause-specific effect of the TL, we measured the rate of pause escape over a wide range of GTP concentrations on scaffolds that included or lacked the his pause hairpin. Wild-type RNAP exhibited the characteristic 8-to 10-fold pause hairpin effect and an apparently greater-than-hyperbolic dependence on [GTP] (compare solid and dotted lines, Figure 6E ). In contrast, DTL RNAP yielded simple hyperbolic [GTP] dependence of pause escape with little change in NTP binding (NTP 0.5 ) and almost no pause-hairpin effect ($1.5-fold on V max ; Figure 6F ).
Nonhyperbolic NTP dependence has been interpreted previously as evidence for an allosteric NTP-binding site on RNAP (Foster et al., 2001) or for other complex (B and C) Locations of DBH and A791G relative to locations of BH unfolding (B) (Vassylyev et al., 2002) or movement (C) (Wang et al., 2006) , which are shown in red aligned with the cyan BH observed in an ScRNAPII EC (Gnatt et al., 2001 ) (PDB ID 1I6H).
(D) Location of the DTL relative to the TL conformations observed in the yeast RNAPII EC (Wang et al., 2006) and bacterial RNAP bound by Stl (semitransparent) (Tuske et al., 2005) . The location of the 3 0 nt crosslink is magenta. The portions of the trigger helices that remain in DTL RNAP are gray.
mechanisms (Bar-Nahum et al., 2005; Nedialkov et al., 2003) . We refrained from evaluating kinetic mechanisms that might explain nonhyperbolic NTP dependence due to difficulty of measuring it with confidence and to the large number of unconstrained parameters and assumptions that would be required (see the Supplemental Results). However, we note that greater-than-hyperbolic NTP dependence may be explained if NTP-binding biases forward translocation (Temiakov et al., 2005) , provided that the bound NTP can release from the translocated EC prior to binding of a second NTP that undergoes nucleotide addition. Such a model is consistent with NTP exchange prior to TL folding and can explain the minimal effect of the TL deletion on NTP binding (NTP 0.5 , Figures 6E and 6F; see also Vassylyev et al. [2007b] and the Supplemental Discussion). Finally, we report that streptolydigin (Stl), which binds the unfolded TL and prevents TL folding (Vassylyev et al., 2007b) , failed to inhibit escape of wild-type RNAP from the his pause, even though it inhibited nonpaused ECs efficiently ( Figure 6G ). This result can be explained if the TL assumes a conformation in the his PTC that blocks Stl binding. Taken together, these kinetic results strongly support a model in which formation of PTCs creates a conformation of the TL that places it in proximity of the active site and that is required to maintain the paused complex.
DISCUSSION
Results reported here support a TL-centric model of nucleotide addition and transcriptional pausing. Rearrangements in the catalytic center of the his leader PTC, and by extension of the elemental pause, place the key TL residues R933-H936 near the A or E site while the complex remains in the pretranslocated register, and allow fraying of the RNA 3 0 nt into the E site. Deletion of the TL minimizes both NTP stimulation of translocation and the distinction between pause and nonpause nucleotide addition. Thus, the TL appears to play a dual role in transcript elongation. During active transcription, TL folding assists NTP loading and catalysis. At a pause, the TL participates in an activesite rearrangement yielding a paused conformation in which the NAC is inhibited.
The Structure of the Elemental Pause
Numerous findings now suggest that the elemental pause results from a catalytic-center rearrangement that includes a paused TL conformation without significant forward or reverse translocation of RNAP ( Figure 7 ). This model explains the occurrence of frequent pauses not affected by forces that would perturb translocation (Neuman et al., 2003) , the catalytic deficiency of the pretranslocated his PTC for nucleotide addition, transcript cleavage, and pyrophosphorolysis (Artsimovitch and Landick, 2000; Kyzer et al., 2007; Toulokhonov and Landick, 2003) ; The simplest explanation for juxtaposition of the TL and pause 3 0 nt would be a paused TL conformation similar to TL conformations recently reported for ECs with A site NTPs (Wang et al., 2006; Vassylyev et al., 2007b) , but with the A site instead occupied by the pretranslocated RNA 3 0 nt ( Figure 7 ). However, the paused TL may not fold completely into the compact a-helical hairpin in the absence of interacting triphosphate and Mg 2+ II.
One possibility is that it resembles the TL conformation of the original ScRNAPII EC (Gnatt et al., 2001 ). This structure is proposed to be paused (Westover et al., 2004) and exhibits both weak RNA 3 0 nt density that could reflect 3 0 nt fraying and a disordered segment of TL that could approach the E site. Whatever its precise structure, the essential feature of the paused TL model is that changes in RNAP contacts at a pause site (e.g., to the pause hairpin, RNA:DNA hybrid, and downstream DNA) stabilize the TL in a conformation that restricts TL participation in the NAC.
A second feature of the elemental pause is a bDloopII conformation that allows fraying of the 3 0 nt rather than its tight positioning in the active site (Figures 3 and 4) . The top series of images depicts steps in the NAC with possible TL (orange) and BH (cyan) movements. From left to right, substrate NTP enters by initial interaction in the E site when the TL is unfolded (BH modeled on PDB ID 1I6H; TL modeled on PDB ID 1IW7), NTP binds in the A site with contacts to the folded TL (TL and BH modeled on PDB ID 2E2H), and NTP aligned for catalysis (BH and TL modeled on PDB ID 2O5J). The vertical series of images depicts the pathway of pausing showing a hypothetical paused TL conformation (orange). The insert depicts the interactions at a hairpin pause site that may stabilize the paused TL conformation (see text). The hairpin is depicted within the RNA exit channel as dictated by crosslinks to the flap and exit channel (Toulokhonov et al., 2001) ; SI3 is depicted as described in the legend to Figure 1B. ( Figure 7 ). Thus, a switch between active and paused bDloopII conformations may be interconnected to movements of fork loop 2, the BH, and the TL.
A single offline paused state created by these rearrangements and inhibited in reentry into the NAC can explain slow pause escape without a large change in NTP 0.5 (mechanism 1 in the Supplemental Results; Figure S6 ). However, it does not accurately predict either the rate of pause escape at high GTP or the fraction of ECs that pause (Supplemental Results and Figure S8 ). Alternatively, the paused conformation may persist during NTP binding, translocation, and catalysis (mechanism 2 in the Supplemental Results and Figure S7 ; see below). This latter view is attractive because the major role of the TL, which is crucial for pausing, appears to be in NTP alignment and catalysis (Vassylyev et al., 2007b; Wang et al., 2006) . However, distinguishing these mechanisms will require additional study.
Role of 3
0 nt Fraying Detection of RNA 3 0 nt fraying in the his PTC is consistent both with physical detection of end fraying in DNA duplexes (Andreatta et al. [2006] and citations therein) and with the correlation of proofreading with 3 0 nt fraying in DNA polymerase (Morales and Kool, 2000) . Markovtsov et al. (1996) detected 3 0 -thioU fraying (E site b crosslinks) in active ECs, accompanied by crosslinks to A site rather than TL b 0 residues; TL crosslinks arose upon EC backtracking. Thus, prior results support the proposal of 3 0 nt fraying and suggest it may precede and possibly facilitate formation of a paused TL conformation.
It is possible but uncertain that 3 0 nt fraying could also help stabilize the paused conformation, for instance via contacts to the E site or TL. Such a role for fraying could explain both why thioU, which pairs to DNA more weakly than U, modestly increases pause duration ($1.5 fold; Figure 2C ) and why most pausing occurs at sites with a 3 0 U or C (smaller pyrimidine bases would encounter fewer obstacles to fraying, and U, which is the most common pause 3 0 nt, pairs most weakly to DNA). However, it is also possible that fraying is an adventitious byproduct of the elemental pause conformation or that it plays a role in forming the elemental pause, but not in subsequent pause conformations.
Comparison of TL and Two-Pawl Ratchet Models of Pausing
The TL model of pausing differs from the recently proposed two-pawl ratchet mechanism of nucleotide addition (Bar-Nahum et al., 2005) in two key respects. First, coupling of NTP loading and translocation can be explained without unfolding of the BH (the second pawl in the two-pawl ratchet mechanism). Both the absence of effect of A791G, which should strongly favor unfolding, and the effect of deleting the key BH segment strongly suggest that BH unfolding is not essential to EC function ( Figure 5 ). Further, Tuske et al. (2005) report that A791G-containing RNAP supports cell growth, contradicting any essential function for BH unfolding. Indeed, it is questionable whether BH unfolding ever occurs in an EC. It has been observed only in structures of bacterial RNAP that contain s and lack DNA and RNA in the main channel, but never in ECs, including posttranslocated ECs in which unfolding is predicted by the two-pawl ratchet model (Kettenberger et al., 2004; Westover et al., 2004; Vassylyev et al., 2007a) . The biochemical evidence for BH unfolding is the reaction of a 2 0 -deoxy-3 0 -isothiocyanate nucleotide analog with BH K789 in complexes containing Mn 2+ in place of Mg 2+ I (Epshtein et al., 2002; Bar-Nahum et al., 2005) . This K789 crosslink is inconsistent with the observed side-chain orientations in the unfolded BH (Vassylyev et al., 2002) and may result from perturbations induced by Mn 2+ and the nucleotide analog. Rather than the proposed unfolding to govern translocation, it appears that a helical BH instead moves toward or away from A site nucleotides in concert with TL conformational changes to assist NTP alignment for catalysis (Wang et al., 2006; Vassylyev et al., 2007a Vassylyev et al., , 2007b . Second, in contrast to fraying of a DNA template base caused by unfolding of the BH, our results suggest that the elemental pause retains a fully helical BH with an inhibitory TL conformation and is accompanied by RNA 3 0 nt fraying into the E site. The BH-unfolding/DNA-fraying model cannot explain our crosslinking results, which were obtained with bona fide PTCs (Figure 2 ), whereas the TL/RNA-fraying pause model can.
Diverse Pause Signal Components May Stabilize the Elemental Pause
The TL model of pausing can explain how distinct pause signal components stabilize a PTC (e.g., the pause RNA hairpin, spacer nucleotide, RNA:DNA hybrid, and downstream DNA; Chan et al. [1997] , Herbert et al. [2006] ). These components all contact the RNAP clamp domain, whose mobility is well documented (Cramer et al., 2001; Darst et al., 2002) and whose movements can affect the TL via clamp contacts to the BH (Figure 7 ). Interestingly, a base mismatch that forces obligatory 3 0 nt fraying in the his PTC shifts the upstream ExoIII footprint in a way that suggests stabilization of clamp movement ( Figure 4B ). Formation of the pause hairpin will generate steric clash with the flap and clamp, which may shift clamp position (Toulokhonov et al., 2001; Toulokhonov and Landick, 2003) . Both the spacer and hybrid make direct clamp contacts (Gnatt et al., 2001; Vassylyev et al., 2007a) , and the downstream DNA contacts the clamp in three different locations in a TtEC (Vassylyev et al., 2007a) : +2-4 (b 0 1441-2,Ec1326-7 and b 0 586,Ec311 in the rudder), +7-8 (b 0 107-9,Ec119-21 and b 0 494,Ec219), and +11-13 (b 0 486-8,Ec211-3). Thus, sequence changes in all four pause components may affect clamp position, which in turn can affect TL conformation via clamp-BH contacts (Figure 7) . In ScRNAPII structures, clamp movements alter a network of salt bridges to BH residues R839(Ec798), R840(Ec799), and K843(Ec802) (Cramer et al., 2001; Gnatt et al., 2001 ). Changes in clamp-BH contacts also occur between holoenzyme and EC conformations of TtRNAP involving D1100(Ec802), H1103(Ec805), and E1104(Ec806) (Vassylyev et al., 2002 (Vassylyev et al., , 2007a . The allosteric connection to the TL is completed by an extensive network of TL-BH contacts that create a three-helix bundle when the TL folds into an a-helical hairpin (Wang et al., 2006; Vassylyev et al., 2007b) . Thus, even a slight repositioning of the clamp, and in turn the BH, may strongly affect TL conformation.
The picture that emerges is of a cooperative network of energetically coupled interactions within which particular RNA and DNA sequences and structures can induce and prolong pausing via an active-site rearrangement involving TL folding or movement coupled with movements of the 3 0 nt, BH, clamp, fork loop 2, and bDloopII (Landick, 2001) (Figure 7 ).
Role of Elemental Pause and 3 0 nt Fraying in Transcriptional Regulation
The TL model of pausing suggests straightforward explanations for important regulatory functions of transcriptional pausing. First, it may allow time for backtracking at sites where backtracking has regulatory function (e.g., proofreading of misincorporated nucleotide or response to nucleosomal barriers) (Kireeva et al., 2005; Thomas et al., 1998; Zenkin et al., 2006) . The energetic barrier to backtracking is significant and may preclude backtracking on the time scale of active transcription (Bai et al., 2004; Bar-Nahum et al., 2005) . Formation of an elemental pause with 3 0 nt fraying provides a pathway to access backtrack registers. For instance, fraying will occur automatically after misincorporation. Once a frayed 3 0 nt interacts with the TL, coordinated TL movement and backtracking could maintain RNA-TL interaction and smooth the energetic landscape for backtracking (Figure 7) . Second, a nonbacktracked elemental pause resolves a nagging paradox about the role of pausing in transcription termination. Pausing is an obligatory first step in both intrinsic and Rho-dependent termination (Gusarov and Nudler, 1999) . However, termination requires extraction of the RNA transcript in the upstream direction (Santangelo and Roberts, 2004; Toulokhonov and Landick, 2003) , which would be inhibited by backtracking. If pausing instead is mediated by an active-site rearrangement, then the pause preceding termination need not inhibit transcript release but could instead facilitate release by breaking contacts of the transcript in the active site without establishing new secondary-channel contacts that would inhibit release.
Finally, the TL pause model offers an attractive explanation for the ability of multiple elongation regulators, which are especially numerous in eukaryotes (Arndt and Kane, 2003) , to modulate RNAP activity synergistically. The cooperative network of energetically coupled interactions that controls TL conformation would allow elongation regulators interacting at distinct, TL-distal sites, such as the RNA exit channel or downstream DNA entry channel, to induce, prolong, or suppress pausing via nonoverlapping interactions without the need to contact the TL directly.
EXPERIMENTAL PROCEDURES
DNA Templates and RNAP RNAPs were purified using RNAP overexpression plasmids (Artsimovitch et al., 2003) . ECs were formed by in vitro transcription of DNA templates PCR amplified from pIA171 or reconstituted from synthetic oligonucleotides (Sidorenkov et al., 1998) . For details on construction and purification of mutant RNAPs, in vitro transcription, reconstitution of ECs, and purification of nucleic acids, see the Supplemental Data and Table S1 .
Preparation and Analysis of the his PTC PTCs were generated by stepwise transcription (Wang et al., 1995) or by elongation of ECs reconstituted 2 nt upstream from the pause on scaffolds known to recapitulate the properties of the his paused TEC (Kyzer et al., 2007) . To incorporate 3 0 thioU ( Figure 2C ), unlabeled EC69 prepared by stepwise transcription or reconstituted EC27 was incubated with 0.3 mM [a-32 P]-CTP and 10-20 mM 4-thioUTP for 5 min at 25 C and then incubated with 5 mM unlabeled CTP for an additional 5 min to ensure extension to position U71 or U29, respectively. For details on formation, purification, and kinetic analyses of his PTCs and on kinetic and structural modeling, see the Supplemental Data.
Crosslinking and Crosslink Mapping
PTCs containing 3 0 thioU were irradiated on ice for 10 min with a UV- Nudler, E., Goldfarb, A., and Kashlev, M. (1994) . Discontinuous mechanism of transcription elongation. Science 265, 793-796.
Nudler, E., Avetissova, E., Markovstov, V., and Goldfarb, A. (1996) . 
Supplemental Results and Discussion
Kinetic modeling of pause mechanisms Although establishing the detailed kinetic mechanism of nucleotide addition and pausing is well beyond the scope of this study, we wished to test minimal pause mechanisms to determine whether our mechanistic conclusions were reasonable. We emphasize that these mechanisms cannot fully account for the observed NTP-dependence of hairpin-stabilized (e. g. his leader) pausing, but can account for the basic characteristics of pausing. In particular, the mechanisms do not include steps to account for NTP-stimulation of translocation, the existence of which is supported by both ensemble and single-molecule experiments (Abbondanzieri et al., 2005; Nedialkov et al., 2003) . With this caveat noted, examining these mechanisms can help evaluate basic properties of the his PTC and the predictions of structure/function experiments.
We first tested the simplest possible pause mechanism (mechanism 1), in which a single off-line state forms by isomerization of the pretranslocated EC (e.g., by fraying of the RNA 3´ nt, rearrangement of active-site residues, trapping of the TL in an inhibitory conformation, or some combination of these events) and slow escape of the PTC (U p pre ) back to the pretranslocated EC (U pre ). In this mechanism, the elemental pause and hairpinstabilized states are lumped together on the assumption that hairpin formation is rapid enough to make them kinetically indistinguishable.
Mechanism 1. C is the template position immediately preceding the pause; U is the pause site (e.g., U29 on the minimal pause scaffold ; Fig. 6) ; G is the template position immediately after the pause. The pre and post subscripts represent the pretranslocated and posttranslocated states, respectively. The superscripted p indicates a paused state. k 1,2 obs describe conversion of C(-1) to U (see Supplemental Experimental Procedures), k 6 is the rate-determining step for nucleotide addition after binding of GTP substrate (presumably folding of the TL to position the NTP into reactive alignment; Vassylyev et al., 2007) , and the remaining rate constants describe the steps interconverting pretranslocated, posttranslocated, and paused configurations of the EC. Best-fit values for kinetic constants are shown in Fig. S6 .
To determine if mechanism 1 is sufficient to explain the behavior of RNAP at the his pause site, we assigned the second-order rate constant for GTP binding (k 5 ) as ≤20 µM -1 s -1
. As described by Batada et al. (2004) at 25 µM NTP have been observed (Foster et al., 2001; Vassylyev et al., 2007) . To predict rates of C28 conversion to U29, we determined pseudo-first order rate constants for fast and slow populations (see Supplemental Experimental Procedures), and then held these values constant while determining best-fit values for the other rate constants (with k 5 constrained to ≤20 µM -1 s -1
; Fig. S6 ). We determined the best-fit values using an algorithm for stochastic ranking for constrained evolution and least-squares optimization of predictions from the mechanism to the observed amounts of RNAs at positions at and after the pause site at 10 µM, 62 µM, 400 µM, 2.5 mM, 10 mM, and 20 mM GTP (e. g., as shown in Fig. 6A-C ; see Supplemental Experimental Procedures).
We identified rate constants that could predict the essential features of the his leader pause (kinetic branching to an elemental pause from which a slow rate of pause escape increases at increasing GTP concentration; Fig. S6 ), but could not fully predict the NTP-concentration dependence of pausing (e.g., the rate of pause escape at >1 mM GTP, Figs. S6 and S8A, the efficiency of pausing at different [GTP] , Fig. S8B , and the apparently greater than hyperbolic NTP-dependence of pause escape, Fig. 6E ). In mechanism 1, the rate-limiting step for pause escape is k -4 (return to the on-line pathway; Fig. S6 ), which would be consistent with formation of a paused active-site conformation in which interaction of a frayed 3´ nt with a folded or partially folded TL and with the E site could make a significant energetic contribution to slow pause escape. Additional interactions within the EC, such of the pause hairpin, hybrid, and downstream DNA with the mobile clamp domain could further reduce k -4 by strengthening the network of contacts among the BH, TL, fork loop 2, and βDloopII in a conformation favorable for 3´-nt fraying and 3´ nt-TL interaction (Fig. 7) .
To test whether mechanisms in which the paused conformation persists through steps in the NAC, which would allow a paused TL conformation to limit participation of the TL in the final chemistry step rather than simply in trapping of a pretranslocated intermediate, we tested mechanism 2.
Mechanism 2. The mechanism is depicted using nomenclature as described for mechanism 1. k 8 and k 9 govern the rate-determining step for nucleotide addition (TL folding to position the NTP into reactive alignment) in the online pathway and of the PTC, respectively. Best-fit values for kinetic constants are shown in Fig. S7 .
Once a posttranslocated paused conformation is included in a mechanism (U p post ), a large number of different pause mechanisms are possible, depending on how states interconvert and whether or not NTP binding converts the paused complex back to the online pathway (at least eight different mechanisms, by our count). Because our goal was only to test the kinetic feasibility of our mechanistic conclusions rather than to test mechanisms systematically, we selected the relatively simple case of mechanism 2, in which both NTP binding and translocation are possible within a paused state that returns to the online pathway upon nucleotide addition. We note that similar mechanisms in which the posttranslocated states, the GTP-bound states, or both interconvert can give similar results. However, it is easier to describe possible effects of the TL at different steps using mechanism 2. We note again that mechanism 2 (and all variants with different connectivity among these states) cannot account for NTP-stimulation of translocation (see above). With the rate of GTP binding (k 6 and k 7 in mechanism 2) constrained to ≤20 µM -1 s -1 as described for mechanism 1, we were able to find rate-constant values that gave an ~2-fold improvement in the least-squares fit relative to mechanism 1 (Fig. S7) . The predictions of mechanism 2 also gave much better matches to the observed [GTP]-dependence of apparent pause escape rate and pause efficiency (Fig S8) .
In mechanism 2, the paused conformation is generated by rapid isomerization that competes with translocation when the EC arrives at the pause site. This could be facilitated by RNA 3´-nt fraying and by sequences in the hybrid and downstream DNA that are known to influence pause efficiency (Wang et al., 1995) . Once the paused conformation forms, return to the online pathway would be inhibited by interactions of the pause hairpin, hybrid, and downstream DNA that inhibit the network of contacts among the BH, TL, fork loop 2, and βDloopII from regaining the conformation needed for rapid elongation. This altered network of interactions could facilitate TL positioning near the frayed 3´ nt, but this interaction would only partially inhibit translocation and NTP binding (~50-fold in combined effect of translocation and NTP binding with this particular set of rate constants for mechanism 2), in contrast to the strong inhibition generated by stable interaction of the frayed 3´ nt and TL in mechanism 1. This effect could correspond to the inhibition of NTPstimulated translocation we observed in PTCs and the contribution of the TL to NTPstimulated translocation (Fig. 4) . The rate-limiting step for pause escape in mechanism 2 would be the final folding of the TL needed to position the NTP into reactive alignment (~1000-fold slower in the PTC in this version of mechanism 2), which would be inhibited because the altered (paused) network of contacts among the BH, TL, fork loop 2, and β´DloopII would persist and slow the rate at which the TL was able to achieve the fully folded α-helical hairpin conformation (k 9 in mechanism 2).
Rate of pause formation and escape in 5101 mutant RNAP
To test whether either mechanism 1 or mechanism 2 could predict the effect of the pausesuppressing 5101 substitutions, we asked if a change in the isomerization step (k 4 ) would predict the observed formation of only 25% PTC during short incubation without GTP (Fig.  2B) . Either mechanism could explain this property of 5101 RNAP by inhibition of k 4 by factors of ~100 or ~1000 (for mechanisms 1 and 2, respectively; illustrated for mechanism 1, Fig. S9 , green for 5101 RNAP vs. red for wild-type RNAP; mechanism 2 required an additional contribution of increasing k -4 ~25-fold). However, in both cases the 75% nonpaused EC was predicted to be posttranslocated (Fig. S9, insert) , in contradiction to our Fe 2+ -mediated cleavage and exoIII assays (Figs. 2D and 4B ) that showed both the RNA and DNA registers of 5101 RNAP remain pretranslocated at the his pause site. We do not view this as a significant contradiction, however, because neither mechanism included NTP-stimulation of translocation. If such a step were included, then the EC might well remain pretranslocated in the absence of NTP, as observed.
Our description of mechanisms 1 and 2 is intended only to illustrate how a paused TL conformation could limit pause escape either in a single pretranslocated, paused state (mechanism 1) or additionally at NTP-stimulated translocation and strongly at the final TLfolding step that is proposed to be rate-limiting for online nucleotide addition (mechanism 2). Although mechanism 2 gave better fits to experimental measure of pausing (e.g., Figs. S6B, S7B, and S8), we do not regard this as conclusive evidence against mechanism 1. Mechanism 2 contains a greater number of unconstrained parameters, and may fit better 4 simply for this reason. It is possible that variants of mechanism 1 that include NTPstimulation of translocation or NTP-stimulation of pause escape (k -4 ) could explain our results. Much additional data and systematic evaluation of alternative kinetic schemes will be required to establish a minimal kinetic mechanism for transcriptional pausing.
Possibility that TL-3´-nt crosslinking occurs in backtracked PTCs
As noted in the Results, we cannot absolutely exclude the possibility that a small fraction of his PTCs backtrack and that E-site or TL crosslinking occurs in these backtracked complexes. We think this is unlikely because both transcript-cleavage (Fig. 2) and exoIIIfootprinting (Fig. 4) assays indicate that the his PTC is in the pretranslocated register, and the exoIII-footprinting results strongly support the existence of 3´-nt fraying, which would explain our crosslinking results. Regardless, even if a small fraction of his PTC were to be backtracked, it would not be mechanistically important. The vast majority of the PTC clearly is not backtracked and can be converted to an online species with altered 3´-nt crosslinking by the pause-suppressing 5101 substitutions without a detectable change in RNA or DNA translocation register (Figs. 2-4) . Partitioning of a small fraction of the wild-type PTC into a backtracked register would not significantly change the escape kinetics of the majority fraction that remains in the pretranslocated register, making the (hypothetical) small backtracked fraction mechanistically unimportant. Thus, from a mechanistic perspective, it matters little whether crosslinking of the 3´ nt occurs from the pretranslocated register, a weakly populated one-nt backtrack register, or somewhere in between.
Possible roles of the TL in NTP-stimulated translocation and non-hyperbolic nucleotide addition
Two important questions are whether the TL plays distinct roles in NTP-stimulated translocation versus catalysis and whether NTP-stimulated translocation could contribute to non-hyperbolic nucleotide addition kinetics. Although we do not have definitive answers, we found that deletion of the TL compromised NTP-stimulated translocation (Fig. 4C ) even though it did not significantly compromise apparent NTP affinity for nucleotide addition (GTP 0.5 ; Figs. 6E&F). This apparently contradictory result suggests that templated NTP binding may be possible without a stable shift in translocation register, and that, subsequent to NTP binding, a TL-mediated rearrangement can stabilize the posttranslocated register. In other words, NTP could enter the A site when it is open during oscillation of the EC between pretranslocated and posttranslocated registers (and necessarily shift this equilibrium toward the posttranslocated register), but the EC would not become trapped in the posttranslocated register until the TL folds. This implies that the NTP on-rate must be rapid enough to allow NTP binding and release from the A site. (However, this also appears necessary simply to explain how RNAP selects the correct NTP, if initial binding in the E site is nonspecific.) In fact, this view fits well with the findings that NTP can bind in the A site when TL folding is inhibited by Stl with little change in NTP 0.5 , but may be stabilized in the A site upon TL folding (Temiakov et al., 2005; Vassylyev et al., 2007) .
Thus, it is possible to distinguish three different ways that NTP binding may stimulate translocation. First, NTP binding to the posttranlocated EC in a pretranslocatedposttranslocated equilibrium will shift the equilibrium in favor of the posttranslocated EC by simple mass action (Guajardo et al., 1998; Guo and Sousa, 2006) . However, this simple effect cannot explain non-hyperbolic NTP addition kinetics (Foster et al., 2001; Nedialkov et al., 2003) or the force-dependence of transcription rates in single-molecule experiments (Abbondanzieri et al., 2005) . Second, NTP binding could perturb the active site so that the posttranslocated EC becomes more stable, for instance by altering interactions of the RNA 3´ nt with Mg 2+ II, (Temiakov et al., 2005) . Such effects could persist after an NTP is 5 released and improve subsequent NTP binding in ways that could explain non-hyperbolic NTP addition kinetics or the force-dependence of transcription rates in single-molecule experiments. It is unclear how far along the path from E site binding to A site binding an NTP would have to travel to cause these effects, and thus different effects with or without template specificity are theoretically possible. Finally, TL-folding with NTP-bound in the A site could stabilize the EC in the posttranslocated register. Until we know more about the flux of NTP in and out of the E and A sites, we must entertain all of these possibilities.
Our results at the his pause site suggest that TL folding may stabilize the posttranslocated, NTP-bound EC and give rise to the NTP-stimulation of translocation we detected in the exoIII assay (Fig. 4C) . This result contrasts with the report of Temiakov et al. (2005) that Stl does not prevent NTP-stimulation of translocation, since Stl appears to sequester the TL in an inactive location that would be expected to mimic the TL deletion (Vassylyev et al., 2007) . It is possible that this discrepancy reflects a difference in the behavior of RNAP at a pause site, which we studied, versus at a nonpause site as examined by Temiakov et al., 2005 . This would be consistent with a translocation equilibrium that favors the pretranslocated register at a pause site so that NTP binding would be transient (and not result in a shift in the exoIII footprint in the absence of TL folding), but lie more in favor of the posttranslocated register at a nonpause site, allowing NTP to have a bigger effect on the exoIII footprint of Stl-inhibited ECs (by the first or second effect described in the preceding paragraph) than we observed for ∆TL ECs. It is also possible that the discrepancy is explained in part or entirety by differences in the properties of EcRNAP or GTP, which we used, versus TtRNAP or GMPCPP, which Temiakov et al. used.
Finally, we note that understanding the relationship between NTP-stimulated translocation and the apparent nonhyperbolic NTP-dependence of nucleotide addition will need further study. It is currently unclear what rates of NTP binding to and release from the A site occur prior to TL folding, and what probabilities of NTP binding and release would be required to explain the apparent NTP cooperativity we and others have observed (e.g., Fig.  6E ). The complexity of these questions points to the need for much more and higher quality experimental data using more sensitive probes of translocation and EC conformation before answers will be possible.
Supplemental Experimental Procedures Reagents and Proteins
Oligonucleotides were obtained from Integrated DNA Technologies (Coralville, IA); dNTPs, from US Biochemicals (Cleveland, OH); NTPs, from GE Healthcare; 4-thioUTP, from Trilink Biothechnologies (San Diego, CA); 3´-amino-3´-deoxy ATP, from IBA GmbH (Göttingen, Germany); [γ- . Linear templates for in vitro transcription were generated by PCR amplification from supercoiled plasmid DNA and purified using QIAspin PCR purification reagents (Qiagen, Valencia, CA). Plasmids were isolated using reagents from Promega (Madison, WI). Plasmids and oligonucleotides used are listed in Supplementary Table S1 . Wild-type and mutant RNAPs were isolated from E. coli strain BL21λDE3 transformed either with pIA423 or pIA423-derivative plasmids upon induction with IPTG, followed by chitin-affinity chromatography, intein-mediated removal of the chitin-binding domain tag, and chromatography on HiTrap Heparin column as described (Artsimovitch et al., 2003) . His-tagged core RNAPs were purified from E. coli strain BLR (Table S1 ) transformed with pRL4455 or pRL4455-derivative plasmids using metal-ion-affinity chromatography on Ni-NTA-agarose, followed by chromatography on heparin and Mono-Q columns (Wang et al., 1995) . RNAP holoenzymes (core ββ'α 2 plus σ 70 ) were prepared by incubating a 5-fold molar excess of σ 70 with core enzyme for 30 min at 30°C in binding buffer (20 mM Tris-HCl (pH 8.0), 100 mM NaCl, 10 mM MgCl 2 , 5 mM β-mercaptoethanol).
Plasmid Construction
Plasmid pRL4455 was constructed by ligation of annealed oligos #5452 and #5453 (Table  S1 ) between the XhoI and HindIII sites of pVS5, a derivative of pIA423 (Artsimovitch et al., 2003) containing the E. coli rpoZ gene downstream from the rpoC::CBD fusion in pIA423. pVS5 was kindly provided by V. Svetlov (Ohio State Univ.). To construct β' mutant RNAPs (T928A, T931A, M932A, R933A, T934A, F935A, H936A, I937C, A940C, A791G), sitedirected PCR mutagenesis was performed with two fully complementary oligonucleotides encoding the desired mutation in pRL662 (Table S1 ), which expresses β' from a lacIregulated trc promoter (Wang et al., 1995) . The rpoC fragment located between the unique BsmI and SanDI sites was sequenced, excised, and recloned into BsmI, SanDI-cut pRL662. The mutant rpoC fragments were transferred to the T7 RNAP based coexpression plasmids pIA423 (α 2 ββ') (Artsimovitch et al., 2003) or pRL4455 (α 2 ββ'ω) on a BsmI and SanDI fragment. The co-expression plasmids produce recombinant RNAPs that contain a hexahistidine tag (pRL4455) or an intein-chitin-binding protein module (pIA423) at the C-terminus of β' subunit. Overexpression plasmids encoding β' T934M and H936Y RNAPs were constructed by recloning BsmI and SanDI fragments from plasmids pRW308-3403 and pRW308-3414 (Weilbaecher et al., 1994) , respectively, to pIA423. To construct β′Δ(931-1137)ΩAla 3 , site-directed PCR mutagenesis was performed on the plasmid pRL663 with two fully complementary oligonucleotides #5412 and #5413 (Table S1 ) that flanked the deleted fragment. To bridge the gap between the points of the deletion, a three amino-acid linker (AlaAlaAla) was introduced in place of the deleted residues. The shortened fragment located between the unique BsmI and XhoI sites was sequenced, excised, and cloned into BsmI, XhoI-cut pIA423 or pRL4455 to obtain overexpression plasmids encoding β′Δ(931-1137)ΩAla 3 (Table S1 ). To obtain the ΔBH RNAP (β'Δ (789-793)ΩGly 3 ) construct, an rpoC fragment containing these mutations was PCR-amplified from pIT104 plasmid DNA using oligonucleotides #4672 and #4923 (Table S1) , digested with SexAI and BsrGI, and then ligated into SexAI, BsrGI-cut pIT104, which contains a truncated rpoC gene. The resulting plasmid, pJZ10, was digested with BsmI and XhoI, and the fragment carrying the mutation was then ligated into BsmI, XhoI-cut pRL4455. To make β'ΔTLΔBH construct, a SalI-BspEI fragment carrying the ΔTL mutation was ligated into SalIBspEI-cut pJZ10 to produce pJZ12. A BsmI-XhoI fragment carrying both ΔTL and ΔBH mutations was then ligated into BsmI, XhoI-cut pRL4455 plasmid. To obtain co-expression plasmids for β´ I1134V, G1136S, and P1139C RNAP, BsmI-XhoI fragments from plasmids pRM510, pRM511 and pJZ50, respectively, were transferred into BsmI, XhoI-cut pRL4455. Plasmids pRM510 and pRM511 were kindly provided by R. Mooney (Univ. of WisconsinMadison).
Crosslink Mapping
Mapping of the crosslinking sites in β´ and β subunits was performed using CNBr and NTCB cleavage as described (Grachev et al., 1989; Korzheva et al., 2000; Markovtsov et al., 1996) . After crosslink reactions (see Experimental Procedures in manuscript), samples were treated at 25 °C with RNaseA (5 U/ml) for 5-10 min, mixed with an equal volume of SDS sample buffer, heated at 65 °C for 10 min, electrophoresed through a 4% polyacrylamide SDS gel for 4 hr at 150V, and analyzed using a storage phosphor screen.
Crosslinked β´ and β were excised from the gel and eluted by 3 volumes of 0.2% SDS for 4 hours at 37 °C. The eluents were combined with 3-5 µg purified β´ or β subunit as carrier, dried on Speed-Vac, and resuspended in water to the final concentration of 1% SDS, and subjected to partial CNBr or NTCB digestion. Reference ladders were prepared by CNBr degradation (at Met residues) or by NTCB digestion (at Cys residues) of corresponding subunits labeled at an artificial protein kinase site (HMK-tag) engineered at either the Nterminus or the C-terminus. Plasmids expressing β´ and β subunits with the N-terminal HMK-tags were kindly provided by Dr. L. Anthony (Univ. of Wisconsin-Madison). The Cterminal HMK-tagged β subunit was kindly provided by K. S. Ha (Univ. of WisconsinMadison). To assign the crosslinks, the cleavage products in the crosslinked samples were quantitated and normalized with respect to the corresponding band in the reference pattern (Epshtein et al., 2002; Korzheva et al., 2000; Toulokhonov et al., 2001 ).
Exonuclease III Footprinting
Elongation complexes were assembled with wild-type and mutant RNAPs by annealing appropriate oligonucleotides as described above. Either the template or nontemplate DNA strand was 5´-32 P labeled using [γ-32 P]ATP and T4 polynucleotide kinase. The non-labeled DNA strand in the scaffold contained phosphothioate linkage at the 3´ penultimate position to inhibit cleavage of that strand by exoIII. ExoIII (2 µL; 2.5 U/μl) was added to ECs (18 μl) and incubated for 2-6 min at 37 °C. To examine the effect of NTP on translocation (Figs. 4B and 4C), either the next-required NTP (GTP) or the non-cognate NTP (UTP) was added to the ECs carrying 3´-terminal 3´-deoxy-3´-aminoAMP prior to exoIII treatment. Reactions were stopped by the addition of an equal volume of 2xSTOP buffer (10 M urea, 50 mM EDTA, 90 mM Tris-borate, pH 8.3). Products of the reaction and, in parallel, products of a G+A nucleotide-sequencing reaction (Maxam and Gilbert, 1980) of the same DNA fragment were resolved by 16% PAGE in the presence of 7 M urea and visualized using a storage phosphor imaging system (Typhoon TR10, GE Healthcare).
Step-wise Transcription The his PTC was obtained by stepwise transcription as described previously (Wang et al., 1995) . ECs were immobilized either through His 6 -tagged RNAP on Ni 2+ -NTA beads (Wang et al., 1995; Wang et al., 1997) or, using a biotinated DNA template, through streptavidinbiotin linkage to streptavidin-agarose (Sigma) (Palangat and Landick, 2001; Toulokhonov and Landick, 2003) .
EC Reconstitution
Wild-type and mutant ECs were assembled using EC reconstitution (Daube and von Hippel, 1992; Sidorenkov et al., 1998) essentially as described elsewhere (Kyzer et al., 2007) . Briefly, RNA/template DNA hybrids were assembled in reconstitution buffer (20 mM TrisHCl, pH 7.9, 20 mM NaCl, 0.1 mM EDTA) by heating 1 μM template strand DNA and 1 µM RNA for 2 min at 75 °C, rapidly cooling to 45 °C and then cooling to room temperature in 1 °C/min decrements. To form ECs, core RNAP (150 nM) was incubated with 100 nM RNA/DNA hybrid in the same buffer plus 5% glycerol, 10 mM MgCl 2 , 2 mM 2-mercaptoethanol, 50 μg BSA/ml for 10 min at 22 °C and then incubated with nontemplate strand DNA (250 nM) for 10 min at 37 °C.
For pause assays, EC27 (or EC12 for -hp RNA) reconstituted 2 nt upstream from the pause site was incubated with 0.3 µM [α-32 P]CTP for 5 min at 25 °C, and then incubated with 5 µM unlabeled CTP for an additional 5 min to form the EC28 halted 1 nt before the pause site (C-1). For ΔTL and ΔBH RNAPs and for the experiment shown in Fig.  2C , 1 mM UTP was added with the [α-32 P]CTP and 50 µM CTP was used in place of 5 µM CTP during the second incubation to form EC29 halted at the pause site. Transcription was 8 restarted by addition of varying GTP concentrations (and 1mM UTP, when required). Samples were removed at different time points and quenched by the addition of an equal volume of 2xSTOP buffer. Samples were heated for 2 min at 90 °C and separated by electrophoresis though 16% denaturing polyacrylamide (19:1) gels (7 M Urea, 45 mM Trisborate, pH 8.3 1.25 mM EDTA). ECs containing hairpin and non-hairpin RNA with a nonextendable, 3′-deoxy-3′-amino terminus (Tuske et al., 2005) , were prepared by incubating reconstituted EC27 or EC12 with 50 μM 3′-amino-3′-deoxy ATP and 10 μM CTP. In case of ΔTL RNAP, the NTP concentration was increased to 500 µM. To remove NTPs, ECs were immobilized on Ni 2+ -NTA-agarose beads (Qiagen) and washed three times with 1 ml of transcription buffer. Alternatively, ECs were purified from NTPs by gel filtration through G50 columns equilibrated in transcription buffer.
In Vitro Transcriptional Pause Assays
Single-round pause assays for experiments shown in Figs. 2A&B, for experiments on all single substitutions, wild-type RNAP, and ∆SI3RNAP shown in Fig. 5A , and for experiments shown in Fig. 6G were performed using a T7A1 promoter/his leader template (Fig. S1 ) PCR-amplified from plasmid pIA171 as described previously (Artsimovitch and Landick, 2000) . All other pause assays (Figs. 2C, Fig. 5A , and Figs. 6A-F) were performed using reconstituted ECs halted 1 nt prior to the pause site (C-1) or at the pause site (U29 or U14 for +hp and -hp RNAs, respectively) as described above and illustrated in Figs. 2D and 6A&B (scaffolds for EC reconstitution are depicted in Fig. S1 ). ECs halted at the pause site were used for ∆TL and ∆BH RNAPs because they added U29 or U14 too slowly to allow accurate assay of pause escape rates at GTP concentrations higher than 1 mM. In control experiments, the pause escape rates measured for ECs halted at the pause site (using simple non-linear regression of U29 or U14 RNA vs. time) were indistinguishable to those measured for ECs halted at position C-1 before the pause site (using the branched kinetic fitting method described in the following section).
Experiments that involved sampling at < 5 s reaction times were performed on a KinTek quench-flow apparatus. ECs reconstituted 2 nt upstream from the pause site were extended in presence of [α-32 P]CTP, diluted in transcription buffer (25 mM HEPES-KOH pH 8.0, 130 mM KCl, 5 mM MgCl 2 , 1 mM DTT, 0.15 mM EDTA, and 25 µg acetylated BSA/mL) to 25-50 nM EC, and stored on ice until use. Diluted ECs (20 µL) were injected into one sample loop and NTPs (20 μL; varying [GTP], 1mM UTP) in transcription buffer were injected into the other loop. Reactions were performed for predetermined times at 37 °C. The samples were quenched with 2 M HCl (40 µL) and immediately neutralized to pH 8.0 by addition of 3 M Tris base (40 µL). The RNA was phenol extracted, ethanol precipitated, suspended in formamide loading dye and fractionated on a denaturing polyacrylamide (17.5%) gel and quantified using a Phosphorimager.
To obtain accurate measurements of the relative amounts of C28, U29, and G30 RNAs for kinetic assays, it was necessary to correct for small regions of overlap between the electrophoretic bands generated by these RNAs. To accomplish this, densitometric traces were generated using ImageQuant software and the C28, U29, G30 peaks were deconvoluted using the Log Normal-4 Parameter Function in the peak-fitting program PeakFit (SeaSolve Software Inc., Farmington, MA). The integrated peak areas obtained after peak deconvolution were then used to calculate the relative fraction of each RNA species in a lane (because we combined the signal from G30 and G31 for analysis, it was not necessary to deconvolute overlap between their peaks).
Estimation of Rates and Kinetic Modeling
To calculate the apparent rate of pause escape for wild-type PTCs (Fig. 6D ) and the partition of ECs between paused and nonpaused states, we fit the relative concentrations of C28, U29, and (G30+G31) RNAs (e.g., Figs. 6A and S10A) using least squares to an empirical reaction scheme (Scheme 3) and Runge-Kutta 4 th order numerical integration in the program Berkeley Madonna v8.3.12 (www.berkeleymadonna.com). 
This calculation was performed in two steps. First, the empirical rate constant k a obs was determined for each data set by fitting the observed rates of C28 (e.g., black circles, Fig.  S10A ). The C28 ECs often exhibited two populations with different rates of conversion to U29 and were therefore split into two populations (C28a and C28b) and assigned two different rate constants (k a1 obs and k a2 obs ) to include the small population of slowly reacting C28 ECs in the kinetic calculation model (e.g., the ~10% of C28 ECs that did not convert to U29 in the first 1 s, Fig. S10A ). In the second step, k a obs (or k a1 obs and k a2 obs ) was held constant and the empirical parameters k i obs , k b obs , and k e obs were estimated by least-squares fitting using the Berkeley Madonna curve fit function. This generated reaction progress curves for U29 appearance and G30 appearance (red line and black line, respectively, Fig.  S10A ). The best fit values for k e obs obtained at widely varying GTP concentrations (data from one experiment and the calculated reaction progress curves are shown in Fig. S10B ) were used to generate plots of pause escape vs. concentration GTP (e.g., Fig. 6D ). Estimates of pause efficiency are obtained by this method as k i obs / (k i obs +k b obs ).
The same method was used to calculate the apparent rate of pause escape for wildtype PTCs on a -hp scaffold ( Fig. 6D ; data calculated from reaction progress curves for a one experiment are shown in Figs. S11A&B) and for ∆TL ECs at 1 mM GTP (Fig. 6C) . However, for ∆TL ECs we found that at GTP concentrations greater than 1 mM, the rate of U29 (or U14 for -hp RNA) addition was too slow to allow accurate estimate of the apparent rate of pause escape. Therefore, we instead formed PTCs at the pause site and measured the rate of G30 addition by simple non-linear regression of the disappearance of U29 (or U14) vs. time (data and best fits for one experiment are shown in Figs. S12A&B).
To perform kinetic modeling of pause mechanisms and illustrate the mechanistic interpretations described in the Discussion (see Supplemental Results and Discussion, above, and Figs. S6-S8), we used the data from C28, U29, and G30 described above obtained at 10 µM, 62 µM, 400 µM, 2.5 mM, 10 mM, and 20 mM GTP for least-squares fitting to the predictions of the reaction mechanisms tested. We calculated rates of C28 conversion to U29 for reaction separately (as described above) and then used these rates to predict the formation of U29 during the least-squares fitting. To perform least squares fitting, we used the Runge-Kutta 4 th order numerical integration function in the program Matlab (Mathworks, Inc.) to calculate reaction progress curves from differential equations specific for each reaction mechanism tested. To test various possible kinetic constants and reduce the likelihood of becoming trapped in local least-squares minima, we used a stochastic global optimization approach called SRES (Sochastic Ranking for Evolutionary Strategy; Runarsson and Xin, 2005; Runarsson and Yao, 2000) , which was suggested for this purpose by V. Tadigotla (Rutgers Univ.; the SRES algorithm is available at http://cerium.raunvis.hi.is/~tpr/software/sres). As described in the Supplemental Results and Discussion, these mechanisms did not include steps that could account for NTPstimulated translocation because we would require much greater quantities of data obtained under additional variations in reaction conditions to have a reasonable expectation of evaluating the large number of unconstrained parameters involved. Instead, the kinetic parameters derived for the mechanisms shown in Figs. S6 and S7 are intended only to illustrate that restriction of TL movement or folding at different steps could play roles in the mechanism of transcriptional pausing.
To predict apparent pause escape rates and apparent pause efficiencies for mechanisms 1 and 2 (Fig. S8) , the kinetic parameters shown in Figs. S6 and S7 were used to calculate reaction progress curves over a wide range of GTP concentrations (e.g., as shown in Figs. S6B and S7B ). The reaction progress curves for [U29] were then used to calculate pause escape rates and pause efficiencies using Berkeley Madonna and scheme 3 as described above for experimental reaction progress curves. The predicted values were used to construct complete curves by nonlinear regression to a hyperbola (Fig. S8A) or by simple interpolation and smoothing (Fig. S8B ).
Molecular Modeling
The molecular model of the his PTC (Figs. 1, 3 , and 5) is based on a model described previously (Toulokhonov and Landick, 2003) with additional features homology-modeled from the T. thermophilus unfolded TL (Tuske et al., 2005; Figs. 1C and 5D) , the S. cerevisiae RNAPII folded BH and TL (Wang et al., 2006; Figs. 1C, 3C, 5C, and 5D) , or the T. thermophilus unfolded BH (Vassylyev et al., 2002; Fig . 5B). Models were constructed using McMolw v1.4b8 (Duncan McRee, Molecular Images Software) and MacPyMol v98 (Warren DeLano, DeLano Scientific; www.pymol.org). Molecular graphic images were created using MacPyMol. -and pH-induced cleavage assays (Fig. 2D & S5E) , and kinetic studies (Figs. 5-6, S10-S12). NT56/T56 was used for exoIII footprinting (Fig. 4B & S5) and for the experiment shown in Fig. 2C . NT56A/T56A was used in exoIII footprinting experiments to analyze the effect of RNA 3´-nt mismatch on translocation, and to investigate NTP-stimulated translocation (Fig. 4B&C) . Oligonucleotides used for exoIII footprinting assays contained a phosphothioate linkage at the 3´-penultimate position on the DNA strand that was not 32 P-labeled. (A) Single-hit CNBr digestion patterns of thioU-crosslinked β´ subunit. The reference CNBr digestion pattern (M) was obtained using β´ C-terminally 32 P-labeled at an engineered protein kinase site (β´CHMK). Numbers indicate the positions of Met residues in the E. coli β´, which correspond to the cleavage products. Solid lines indicate bands in the crosslink pattern assigned to the C-terminal ladder. Dotted lines indicate the putative position of the next expected cleavage product, from which crosslink-derived 32 P is partially or completely lost. The crosslinking site maps between the dotted and solid lines. In this case, the crosslink occurred within β´ fragment 932-1025 (magenta rectangle), since the last radioactive product resulted from cleavage at Met932 while the next product from cleavage at Met1025 was not labeled.
(B) Cys-specific degradation products of 4-thioU-crosslinked β´ with NTCB in wild-type and β´ A940C RNAPs. Reference degradation patterns are from wild type and mutant (A940C) β´ subunits C-terminally labeled at an engineered protein kinase site. For wild type RNAP, the crosslink was mapped to the fragment 898-1407; in case of β´ A940C RNAP, the crosslink was between Cys898 and Cys940 (magenta rectangle).
(C) The products of exhaustive NTCB degradation of β´ subunit crosslinked in the paused complex. (M) represents CNBr cleavage of β´ subunit labeled at the C-terminal HMK-site. Radioactive band in the crosslinked sample (after 18 hours of treatment with NTCB) migrates slower than product of cleavage at Met932 in the marker lane, which indicates that crosslink is the C-terminal of Cys898 (magenta rectangle).
(D) Cys-specific, NTCB digestion products in wild-type and I937C β´. Crosslinked β´ from wild type and I937C RNAP show identical cleavage patterns; which indicates that the crosslink occurred between Cys898 and Cys937. SDS-PAGE and autoradiography of CNBr degradation products of β subunit crosslinked in reconstituted paused EC29 containing a 3´-terminal 4-thioU. Positions of Met residues are marked. Quantitative analysis of the degradation pattern for β subunit (Fig. 3, main text) shows that normalized intensity of radioactive fragments drops between Met1085 and Met1107 (as can be seen from gel panel, intensity of cleavage fragment at Met1107 in the crosslinked sample is significantly lower than in the reference lane). Thus, crosslink maps to the region 1085-1107 (magenta rectangle). In addition, the histogram in Fig. 3B 653N, 680N and etc.) because β C HMK is also labeled at an intrinsic HMK-site at 531. Continuous and dashed lines are as described in Fig.S2 . The quantitative analysis (Fig. 3, main text) shows the drop of radioactivity between Met653 and Met515, which mapped the crosslink to the fragment 515-653 (magenta rectangle; the 515N, 492N, 488N, and 459N bands were not detectable and were quantified based on the maximum signal present at the expected position; see Fig. 3B ). A minor crosslink C-terminal of Met1085 is also evident (gray rectangle; see legend to Fig.  3B ).
(B) NTCB cleavage of crosslinked β subunit from 5101 RNAP. The cleavage pattern is consistent with presence both N-and C-terminally labeled fragments. The N-terminal crosslink was localized to β559-636 (magenta rectangle); and the C-terminal crosslink was mapped to the region 838-1342 (gray rectangle). P-labeled product. The top two histograms and the gel panels above the schematic illustrate the variability in the downstream boundary in different experiments (Expt 1, +17 downstream boundary corresponding to the experiment shown in Fig. 4 ; Expt 2, +18 downstream boundary corresponding to other experiments shown in panel A). The histograms below the top two show, in order, that the exoIII boundaries do not change even if potential complementarity was created upstream of the 9-bp hybrid (C +hp), when the hairpin was absent (C -hp), when the spacer between the hairpin and hybrid was increased to 3 nt (spacer +1), when mutant RNAPs were used (5101, ∆TL, and G1136S), or when 3´ thioU was present (thioU).
(B) Paused ECs display two discrete boundaries at the downstream edge in different experiments (top two sets of histograms in panel A). Gel panels show protection of the 32 P-endlabeled nontemplate DNA strand from exoIII digestion at +17 and +18 positions relative to RNA 3´ end (RNA 3´ end in the pretranslocated state assigned as -1 register). The nontemplate DNA sequence is aligned with the products of a G+A nucleotide-sequencing reaction of the same DNA fragment.
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(C) Protection of the 32 P-end-labeled template DNA strand from exoIII digestion at the upstream edge. The template DNA sequence is shown at the right and aligned with the products of a sequencing reaction.
(D) DNA fragment used in exoIII footprinting analysis. Pause site is underlined. DNA region that becomes protected by RNAP during exoIII treatment is shown in red box.
(E) OH
− -mediated cleavage of 5´-32 P-labeled RNA in -hp+2U ECs. RNAs were resolved on 16% polyacrylamide gel containing 7M urea. Red arrow depicts 13-nt RNA cleavage product. This result demonstrates that translocation register of the -hp+2U EC is identical to that of the his PTC. ExoIII histograms for the +hp and -hp+2U ECs from Fig Figure S6 . Best fit of mechanism 1 to observed rates of PTC formation and escape.
C28 G30
(A) Schematic diagram of mechanism 1 using the active-site depiction shown in Fig. 1 with rate constants for each step at the pause site up to and including bond formation (addition of G). The numbers (C28, U29, and G30) refer to the RNA species in the reconstituted pause assay (Fig. 6A and Kyzer et al., 2007) . Note that this mechanism does not include steps that could account for NTP-stimulation of translocation. For this reason, the apparent K d value (760 µM) calculated from the rate constants and shown in italics bracketing the translocation and binding steps may be more meaningful than the individual rate constants.
(B) Predictions from the reaction mechanism shown in panel A compared to the observed reaction progress curves at 10 µM, 400 µM, 2.5 mM, and 20 mM GTP (least-squares fitting as described in the Supplemental Results also included data for 62 µM and 10 mM GTP, but these are not shown because the data depicted are sufficient to represent the fit). Figure S7 . Best fit of mechanism 2 to observed rates of PTC formation and escape.
(A). Schematic diagram of mechanism 2 using the active-site depiction shown in Fig. 1 with rate constants for each step at the pause site up to and including bond formation (addition of G). The numbers (C28, U29, and G30) refer to the RNA species in the reconstituted pause assay (Fig. 6A and Kyzer et al., 2007) . Note that this mechanism does not include steps that could account for NTP-stimulation of translocation. For this reason, the apparent K d value calculated from the rate constants and shown in italics bracketing the translocation and binding steps may be more meaningful than the individual rate constants. The fold difference between the online and paused pathways for apparent Kd and for the catalysis rate (which may be determined by TL folding) are given in italics below the mechanism. Note also that the predicted inhibition in apparent K d could reflect an effect on NTP-stimulation of translocation were it possible to include this in the mechanism, rather than an effect on translocation in the absence of NTP or on NTP binding per se, neither of which were found to be dramatically altered in the his PTC (Figs. 2, 4 , and 6).
(B). Predictions from the reaction mechanism shown in panel A compared to the observed reaction progress curves at 10 µM, 400 µM, 2.5 mM, and 20 mM GTP (least-squares fitting as described in the Supplemental Results also included data for 62 µM and 10 mM GTP, but these are not shown because the data depicted are sufficient to represent the fit). (A) Pause escape rate as a function of [GTP] . Open circles are the observed rates of pause escape shown in Fig. 6E . Black and red lines are the hyperbolic and cooperative fits shown in Fig. 6E , respectively. Predictions from mechanism 1 (green) and mechanism 2 (blue) were calculated as described in the Supplemental Experimental Procedures. (A & B) Escape from the pause site of U29 ECs (A) and U14 ECs (B) at various concentrations of GTP by ΔTL RNAP in the presence (A) or absence (B) of the hairpin fit to a simple pseudofirst order decay rate to obtain pause escape rates shown in Fig. 6F .
